Introduction 49
Improper handling, production, storage and decommissioning of the 50 polynitroaromatic explosive 2,4,6-trinitrotoluene (TNT) has led to extensive 51 contamination of soil and groundwater (1-3). This xenobiotic is toxic to humans, 52 animals, plants and microorganisms and is recalcitrant to degradation (1, 3). To 53 clean up contaminated sites, phytoremediation with plants is receiving 54 increased interest (4, 5) . For effective phytoremediation, one should make use 55 of plant species that tolerate contaminants, and have the ability to remove large 56 amounts of target chemicals. The use of tree species for phytoremediation 57 (dendroremediation) has several advantages over smaller plants such as large 58 biomass, long life cycle, low nutrient requirements and intrinsic resistance to 59 many pollutants (6). Trees belonging to the genus Populus are especially useful 60 for phytoremediation because of their deep extensive root system, high water 61 uptake, and rapid growth (5, 8) . This genus has also successfully been 62 engineered genetically for phytoremediation purposes (9, 10). Moreover, poplar 63 trees have been shown to resist up to 5 mg TNT/L and remove this xenobiotic 64 from the medium (11) (12) (13) (14) . 65
In general, plants appear to deal with TNT as a 'green liver', whereby the 66 contaminant is detoxified and sequestered within plant tissues rather than 67 mineralized to carbon dioxide and nitrogen (15) (16) (17) . Detoxification occurs by 68 transforming the chemical, conjugating it to plant metabolites and then 69 sequestering the resulting macromolecules into vacuoles or polymers such as 70 lignin (18-21). As a result, in most terrestrial plants TNT and its derivatives 71 accumulate in the roots and to a lesser extent are transported to the stem and 72 8 Hydroponic assays. To determine the concentration of TNT tolerated by 169 wild type and transgenic plants, opaque covered containers containing 2.5 L of 170
Hoagland medium (36) and an aeration system were used. To determine the 171 uptake and toxicity of TNT to wild type and transgenic plants, the effect on 172 transpiration was measured in a gravitational hydroponic system consisting of 173 250 mL graduated cylinders covered with aluminum foil (to protect roots against 174 light) and filled with Hoagland medium. The roots of acclimatized 10-15 cm long 175 plants were rinsed gently and introduced into either containers or cylinders 176 before fastening with foam rubber plugs. The plants were allowed to acclimatize 177 in the growth chamber for 2 days prior to each experiment. Growth chamber 178 conditions consisted of 60% humidity, 14:10h light: dark photoperiod, 24:18 °C 179 day:night temperature. Each experiment was initiated by replacing the 180
Hoagland medium with medium spiked with different concentrations of TNT. 181
The tolerance assay consisted of exposing four plants to Hoagland medium 182 spiked with a range of TNT concentrations from 0 -57 mg TNT/L and 183 measuring plant length at a regular basis for 28 days and finally dry weights 184 when the experiment had terminated. The concentrations of TNT and its 185 metabolites were measured (see below) regularly as well. For the uptake 186 experiment, three to four plants were exposed to Hoagland medium spiked with 187 20, 35 or 50 mg TNT/L and the concentrations of TNT measured at regular time 188 intervals as described below for 48 h. In these experiments the TNT half life 189 was calculated using the slope of the curve multiplied by half the value of the 190 original TNT concentration. For the toxicity experiments, the transpiration of four was centrifuged at 10,000 g for 10 min and the supernatant decanted and 15 248 mL of the supernatant was split into equal volumes (7.5 mL) and each dried 249 using a rotary evaporator. Each half was then either resuspended in 1 mL water 250
and left overnight at room temperature or in 1 mL 1N HCl for hydrolysis of 251 1B and C, E). In contaminated soil, the growth of all plants was affected at 250 314 mg TNT/ kg soil (Figure 2) , and in the case of wild type plants, completely 315 inhibited at concentrations greater than 500 mg TNT/ kg soil (Figure 2A , C, and 316 D). However, pnrA transgenic aspen could withstand and still grow at 1000 mg 317 TNT/ kg soil ( Figure 2B , C, and E). As a result, after 56 days, the dry weight of 318 pnrA transgenic aspen tended to be higher at concentrations of 500 mg TNT/kg 319 and above, and significantly higher (p<0.05) at 1000 mg TNT/ kg soil, compared 320 to wild type plants ( Figure 2C) . Altogether, the results show that pnrA 321 expression increases aspen tolerance towards higher TNT concentrations in 322 both hydroponic media and soil. 323 Thompson et al. (12) determined that larger, more mature poplar plants 324 could resist higher concentrations of TNT. To test this observation, hydroponic 325 assays were performed using aspen with approximately twice the age of the 326 plants described in the assays above. After 28 days, both wild type and 327 transgenic plants could grow (1.53 ± 1.01 and 3.5 ±1.07 cm, respectively (n≥4)) 328 in 68 mg TNT/L, a concentration prohibitive for younger plants. pnrA expressing 329 aspen continued to show growth (4.17 ± 0.61 cm) even at 91 mg TNT/L, while 330 wild type plants, though still alive, did not (0.3 ± 0.11 cm). This has important 331 implications for in situ phytoremediation as it implies that soils contaminated 332 with higher concentrations of TNT than reported here could be remediated by 333 transgenic lines if more mature plants are used. 334
The amount and rate of TNT uptake was measured as well for transgenic 335 and wild type aspen. In the hydroponic experiment to determine the resistance 336 rather high values were obtained for unplanted bulk soil which remained below 364 those obtained with pnrA expressing plants but not always (p<0.05) significantly 365 so. Possibly, the low amount of TNT detected in unplanted soils is related to 366 irreversible binding between it and/or its degradation products with humic acids 367 and soil organic and inorganic material (23, 24) . This also causes a reduction in 368 the bioavailability of TNT for plants especially in aged soils (11, 12) . This is a 369 major concern for effective phytoremediation but can be partially alleviated by 370 using long-lived trees to ensure a more continuous removal of unbound TNT as 371 it is leached from soil by irrigation. With respect to the presence of TNT 372 transformation products in soil, only ADNTs comprising of 2ADNT (about 33% 373 w/w of the total amount of ADNTs detected) and 4ADNT (about 66%) were 374 detected in either rhizosphere or unplanted bulk soil. The quantity of ADNTs 375 detected in unplanted bulk soil (up to 1.6 mg ADNT/kg soil) was below that 376 measured in the rhizosphere of aspen. The level of ADNTs tended to be higher 377 in the rhizosphere of wild type plants (up to 4.8 mg ADNT/kg soil) than of pnrA 378 expressing plants (up to 3.6 mg ADNT/ kg soil). If these differences are due to 379 plant uptake or the action of rhizospheric microbial communities remains 380 unclear. More importantly, the results from both hydroponic and soil 381 experiments demonstrate the greater capacity of transgenic aspen to remove 382 TNT from highly contaminated media. This is in agreement with results obtained 383 with bacterial nitroreductase expressing transgenic tobacco, which also 384 
